A nonradioactive in situ hybridization method is described for the detection of porcine reproductive and respiratory syndrome virus (PRRSV) in cell cultures and in formalin-fixed paraffin-embedded tissue sections originating from experimentally infected pigs and from 1 field case. A 174 bp cDNA probe targeting the viral RNA encoding the nucleocapsid protein of a Canadian PRRSV isolate was generated by polymerase chain reaction. The cDNA probe was labeled by random priming with digoxigenin-dUTP using a commercially available kit. The ability of the digoxigenin-labeled probe to specifically detect PRRSV RNA was tested on cultured cells infected with 6 Canadian PRRSV isolates, a US PRRSV isolate and the European Lelystad isolate. The probe detected all Canadian PRRSV isolates tested as well as the US PRRSV isolate but did not detect the Lelystad isolate. In addition, when tested on formalin-fixed paraffin-embedded tissue sections from pigs experimentally infected with several Canadian isolates and from a field case, a strong signal without background staining was obtained. Our results indicate that nonradioactive in situ hybridization could represent a useful tool for the detection of PRRSV in routinely fixed and processed tissues. In situ hybridization could also be used to differentiate infection by North American and European Lelystad-like PRRSV isolates. From Laboratoire d'Hygiène Vétérinaire et Alimentaire, Agriculture Canada, 3400 Casavant ouest, Saint-Hyacinthe, Quebec, Canada J2S 8E3 (Larochelle, Magar), and Centre de recherche en virologie, Institut Armand-Frappier, Université du Quebec, 531 Boulevard des Prairies, Laval, Quebec, Canada H7N 423 (Mardassi, Dea).
Porcine reproductive and respiratory syndrome (PRRS) is a new viral disease characterized by reproductive failure in sows and respiratory problems in growing pigs. The causative agent, the PRRS virus (PRRSV), has been isolated in many European and North American countries. The complete nucleotide sequences of the genome of 2 European strains of PRRSV have recently been determined and contain at least 8 open reading frames (ORFs) encoding for virusspecific proteins. 4, 20, 21 Because of its morphological, physicochemical and genetic properties, this virus has been suggested to be included in the Arterivirus genus 3,4, 20 Antigenic variability has been demonstrated between North American and European PRRSV isolates, but also among isolates from North America 1, 14, 22, 28 Viral genomic variability has also been reported between North American and European isolates. 9, 16, 19 So far, the detection of PRRSV is mainly based on virus isolation in porcine alveolar macrophages or in cell lines, followed by the detection of virus antigens in the infected cells by immunofluorescence. This pro-cedure is laborious and may require several weeks to perform. The need for rapid, sensitive procedures for the detection of PRRSV has recently led to the development of methods which do not rely on cell culture techniques, such as immunohistochemistry 6,10,11, 13 for the localization of viral antigens in formalin-fixed tissues or reverse transcription and polymerase chain reaction (RT-PCR) for the detection of viral nucleic acid sequences. 17, 25, 26 However, PCR does not provide any information about the type, the proportion and the histological localization of cells containing viral nucleic acids within tissues. Unlike methods based on the extraction of nucleic acids from tissues, in situ hybridization allows the detection and localization of specific viral nucleic acids within cells and tissues and the simultaneous microscopic examination.
The aim of the study was to determine if nonradioactive in situ hybridization, a nucleic acid-based method, could be used to detect PRRSV in cell culture monolayers and in formalin-fixed paraffin-embedded tissue sections. A digoxigenin-labeled cDNA probe made from the ORF 7 region which encodes the nucleocapsid protein was evaluated for its ability to detect cells infected with several PRRSV isolates from Canada, with a US PRRSV isolate and with the European Lelystad virus. This probe was also evaluated for the detection of PRRSV nucleic acid in routinely formalinfixed paraffin-embedded lung tissues from experimentally infected pigs and from a field case.
Materials and methods
Viruses and cells. Six Canadian field isolates of PRRSV (LHVA-92-2, LHVA-93-3, LHVA-93-4, LHVA-93-5, LHVA-93-6 and LHVA-94-7), 12,1,15 a US PRRSV isolate a and the European Lelystad isolate b were used in the present study, All isolates were propagated in the MARC-145 cell line. a,8 Porcine reproductive and respiratory syndrome virusinfected cells were prepared in 8-well chamber slides c by adding per well 100 µ1 of appropriately diluted virus (between 10 2,35 and 10 4,45 TCID 50 ) followed by 400 µl of a suspension of MARC-145 cells at a concentration of 125,000 cells/ml. Controls included testing of porcine A/OSU rotavirus d also grown in MARC-145 cells, transmissible gastroenteritis virus d (TGEV Purdue) grown in A72 cells e and a swine influenza A H1N1 virus (SIV) isolate f grown in Madin Darby canine kidney (MDCK) cells. Wells containing noninfected MARC-145 cells were also included.
Lab-Tek slides were incubated at 37 C in a humid atmosphere containing 5% CO 2 . Cells infected with rotavirus, TGEV and SIV were fixed 24 hr postinfection (pi) for indirect immunofluorescence (IIF) and in situ hybridization (ISH). Cells infected with PRRSV were fixed 44-46 hr pi for IIF and ISH. For IIF, cells were fixed 30 min at 4 C with 80% acetone after discarding medium and rinsing with phosphatebuffered saline (PBS, pH 7.4). For ISH, medium was discarded, wells were rinsed with PBS and cells were fixed by adding 4% paraformaldehyde in PBS for 20 min at room temperature (RT). Following fixation, wells were rinsed with PBS, the chambers were removed, and the slides were immersed and stored in 70% ethanol at 4 C until used.
Tissue preparation. Formalin-fixed (less than 1 week in formalin) paraffin-embedded lung tissue from specific pathogen-free (SPF) pigs experimentally infected with 3 PRRSV isolates (LHVA-92-1, LHVA-92-2, LHVA-93-3) 13, 15 and from a known positive field case 11 were used in the present study. Controls included lung tissue from uninfected SPF pigs as well as from 1 pig infected with SIV. Sections were cut 4 µm thick, floated on a water bath containing diethylpyrocarbonate-treated (DEPC) water and mounted on Superfrost/plus s1ides. g Indirect immunofluorescence. To confirm infection of cells by the different viruses, the duplicate cell preparations were tested by IIF. For PRRSV in MARC-145 cells, monoclonal antibody (MAb) SDOW 17 h,22 directed to the 15-kDa nucleocapsid protein was used. The IIF tests for porcine group A rotavirus and TGEV were performed using specific antisera f and that for SIV using a pool of 2 influenza virus type A specific MAbs. i Immunohistochemistry. Formalin-fixed paraffin-embedded lung tissue sections consecutive to those tested by ISH were tested by immunogold silver staining (IGSS) as previously described 11,13 for the detection of PRRSV antigens using the MAb SDOW17.
Probepreparation. A 174 bp cDNA fragment representing the 5' region of the nucleocapsid gene (ORF7) was used as a probe. This DNA fragment was generated by polymerase chain reaction (PCR) from a cDNA clone containing the whole nucleocapsid gene and the 3' noncoding region of the Quebec IAF-exp91 strain. 16 The PCR was carried out as previously described 17 using the oligonucleotide primers 1008PS/ACNCR (Sense/Antisense) designed to amplify exclusively the nucleotide sequence of the 3' most terminal region of the Quebec IAF-exp91 strain and containing two EcoRI restriction sites for use in cloning. Sequences and position of oligonucleotide primers were the following: 1008PS: 5' GAATTCGAATTCTAAATATGCCAAATAA-CAAC 3' (3-22); and ACNCR: 5' GAATTCGAATTCGAG-GAAAATGGGGCTTTTCCG 3' (156-173). 16 The PCR product was agarose gel purified, digested with EcoRI and cloned into pUC18 using standard methods. 24 For use as a probe, the insert was isolated from the amplified plasmid and labeled by random priming with digoxigenin-dUTP using a commercial kit j following the manufacturer's instructions.
In situ hybridization. All solutions were prepared in DEPCtreated water. Culture slides were rehydrated in water, rinsed in PBS (0.01 M, pH 7.2)/0.2% glycine, followed by PBS. Cells were treated with proteinase K j (1µg/ml in PBS) 15 min at 37 C. To stop digestion, cells were washed in PBS/0.2% glycine for 10 min. Cells were then washed in PBS 5 min and in 2 x standard sodium citrate (SSC) for 15 min. Cells were prehybridized for 45 min at 37 C in a solution containing 50% formamide, 2 x SSC, 1 x Denhardt's solution, 1 mM EDTA and 100 µg/ml denaturated salmon sperm DNA. Hybridization was carried out in the same solution incorporating 10% dextran sulfate and 250 µg/ml heat-denaturated salmon sperm DNA. Approximately 75 ng of labeled probe diluted in 100 µl of this solution was denaturated 10 min at 95 C, quickly chilled on ice, placed over the cells (50 µl for 4 wells) and covered by an acetone-cleaned coverslip. Hybridization was carried out in a humid chamber overnight at 37 C. The following day, cells were subjected to 4 stringent 30-min washes consisting of 2 x SSC, 1 x SSC, 0.5 x SSC and 0.1 x SSC, all performed at 42 C. Detection of the digoxigenin-labeled hybrids was performed using an anti-digoxigenin conjugated with alkaline phosphatase j diluted 1:400 in 0.1 M Tris-HCl, pH 7.4, 0.15 M NaCl with 1% blocking reagent incubated for 2 hr at 37 C. The substrate-chromogen solution was 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium salt (NBT) and the reaction was allowed to proceed overnight. The color reaction was stopped by dipping the slides in Tris-EDTA buffer (pH 8.0).
Tissue sections were heated at 65 C for 20 min. After being deparaffinized and rehydrated, sections were pretreated in 0.2 N HCl for 20 min, rinsed in PBS and incubated in proteinase K (50µg/ml, 37 C, 15 min). Treatment was stopped by immersing sections in 0.2% glycine in PBS. Sections were prehybridized 60 min at 37 C and hybridized overnight at the same temperature. Remaining steps were the same as described for hybridization on cells. Sections were counterstained with hematoxylin.
Results
In situ hybridization on cell cultures. A positive hybridization signal was obtained on cell cultures infected with 6 Canadian isolates of PRRSV and with a 
Discussion
US isolate (Table 1 ). In infected cells, a dark cytoplasmic staining without background could be observed ( Fig. 1A, 1B ). The distribution of stained cells seen after in situ hybridization was similar to the one observed after IIF ( Fig. 2A, 2B ) on similar cell preparations. No signal could be obtained after hybridization on cells infected with Lelystad virus (Fig. 1C) , while a positive signal was seen in these cells after IIF using the MAb SDOW17 (Fig. 2C ). There was no staining in noninfected cell cultures or in cell cultures infected with porcine group A rotavirus, TGEV or SIV.
In the present study, a digoxigenin-labeled cDNA probe made from the genomic region encoding the nucleocapsid protein successfully hybridized to several Canadian PRRSV isolates and to a US isolate propagated in cell cultures, but could not hybridize to Lelystad virus. These results are in agreement with previous findings of major differences in the nucleocapsid genes of North American and European strains of PRRSV. 16, 19 The present findings also support recent studies establishing the antigenic similarity of the US and Canadian PRRSV isolates and their differences with European PRRSV isolates. 14, 22 In situ hybridization on formalin-fixed tissue sections. A positive hybridization signal was obtained on lung tissue sections from pigs experimentally infected with LHVA-92-1, LHVA-92-2 and LHVA-93-3 (Table 2). Numerous darkly stained macrophages in septa or bordering alveoli could be seen scattered in lung tissue following ISH (Fig. 3A) . In infected macrophages, a dark cytoplasmic staining without background could be observed (Fig. 3B ). The distribution of in situ hybridization-labeled cells in these tissues was comparable to the distribution of infected cells as demonstrated by IGSS on a subsequent section. The number of labeled cells and the intensity of labeling appeared greater following ISH than IGSS. In situ hybridization could also successfully detect PRRSV in the lung tissue from the field case. Dark labeling was observed in infected alveolar macrophages as well as in necrotic debris present in alveoli (Fig. 4) . No signal could be observed when hybridization was performed on lung tissue sections from a noninfected pig and from an influenza virus type A infected pig. No signal was obtained when hybridization was performed on infected tissues by replacing the probe by the buffer only.
Moreover in the present study, in situ hybridization was performed successfully on routinely formalin-fixed paraffin-embedded tissue sections for the detection and localization of PRRSV nucleic acids. The demonstration of viral antigen distribution by the MAb SDOW17 directed to the nucleocapsid protein provided a confirmation of the results obtained by ISH. The cytoplasmic staining of macrophages and mononuclear cells in the lungs was observed with both techniques, thus confirming the cell tropism and cytoplasmic replication of PRRSV. Other recent studies have reported the successful use of nonisotopic ISH for the detection of viral genomic RNA in formalin-fixed paraffin-embedded tissues. 2, 5, 7, 18, 29 The use of buffered formalin has been reported to be an excellent fixative for the preservation of nucleic acid and the performance of ISH, combining the possibility of a retrospective analysis of tissues for virus distribution with excellent morphological preservation. 5, 27 Cross-linking fixatives have also been found superior in protecting the RNA from RNase degradation during tissue processing. 23 Since formalin is the most commonly used fixative in routine tissue fixation, ISH presents a great potential for retrospective diagnosis on archival material. Another advantage of working with fixed tissues is that it eliminates the risk associated with fresh clinical samples.
The detection and localization of PRRSV in formalin-fixed tissues can also be performed by detecting viral proteins using immunohistochemical procedures tection of PRRSV antigens by immunohistochemistry like nonenzyme-based immunogold silver staining (SDOW17) recognizes a conserved epitope on the 15-(IGSS) 10,11,13 or enzyme-based procedures like immu-kDa nucleocapsid protein and is able to identify both noperoxidase. 6,10 The MAb used until now for the de-US and European isolates. 22 Other MAbs reacting with the 15-kDa nucleocapsid protein have been found to paucity of antibodies suitable for the detection of other differentiate between US and European PRRSV iso-RNA viruses like bovine virus diarrhea virus (BVDV) lates by IIF, but the use of these differentiating MAbs or African horse sickness virus (AHSV) in formalinon formalin-fixed tissues has not been reported. The fixed paraffin-embedded tissues in addition to the an- tigenic variability of different virus isolates have been underlined. 2,5 It is well-known that formalin fixation can cause problems in immunohistochemistry by rendering certain epitopes undetectable due to cross-linkings, even after enzyme treatment of tissue sections. In addition to the fact that ISH is well-suited for application on formalin-fixed tissues, the method is highly specific since it allows the. detection of specific viral genome sequences. Our results indicate that the probe used in the present study could be well-suited to detect North American PRRSV isolates in general and could differentiate infections by North American or European PRRSV isolates. A probe constructed from a more conserved region of the genome should be produced for use in ISH for the detection of both North American and European isolates.
The existence of conflicting data regarding the respective sensitivity of IHC and ISH has been underlined. 23 The difference in signal/noise has been reported to be greater in ISH assay. 23 The results obtained in the present study for the tissue blocks tested seem to be in agreement with this observation. The intensity of the signal and the number of labeled cells appeared greater with ISH than IHC. However further studies are needed to evaluate and compare the sensitivity of ISH and IHC for the detection of PRRS virus in fixed tissues.
Our results indicate that in situ hybridization is a rapid, highly specific, sensitive detection method and may prove valuable for the diagnosis of PRRSV in routinely fixed and processed tissues. This method could be useful in retrospective and pathogenesis stud- ies. The use of a nonisotopic probe renders the technique transferable to diagnostic laboratories performing other immunohistochemical procedures. 
